As part of our ongoing interest in spirochroman-containing natural products, 1, 2 our attention was drawn to aritasone (1), which has been isolated from Chenopodium ambrosioides. 3, 4 It has been proposed that aritasone (1) is biosynthesised via a hetero-Diels Alder dimerization of (-)pinocarvone (2) (Scheme 1a), which is an abundant component of the essential oil from the plant.
2
investigating the oxidation products of (−)--pinene, but very few synthetic details were given, as the primary focus of the paper was to report the X-ray structure. The paper indicated that (−)-pinene was first oxidised with selenium dioxide (no experimental details given), and stated that the [4+2] pinocarvone dimer (i.e. cedronellone) "was separated from the steam distilled reaction mixture by column chromatography". It is unclear at which stage cedronellone was produced, i.e. before, during, or after the steam distillation process. Given the limited experimental information provided in this report, we decided to attempt to synthesise pinocarvone via a reliable route, and then separately study the hetero-Diels-Alder cyclodimerisation reaction.
Scheme 1
Thus, (+)--pinene (7) was treated with mCPBA to give the epoxide 8 (87%), 8 and subsequent rearrangement with Yamamoto's reagent 9 provided allylic alcohol 9 (85%) as the only regioisomer.
Swern oxidation 10 of 9 then cleanly provided (-)-pinocarvone (2) in good yield (80%), which was 3 ready for assessment in the hetero-Diels-Alder reaction. 11 For comparison, we also synthesised the isomeric carene-derived enone 13 (Scheme 2a), 12 and prepared a fresh batch of the limonenederived enone 16 (Scheme 2b) that we had used previously in our total synthesis of cymbodiacetal
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Scheme 2
With the isomeric enones 2, 13 and 16 tp hand, we then compared their performance in the hetero-Diels-Alder dimerization reaction. In our previous work, 1 we had found that the limonene-derived enone 16 underwent spontaneous room temperature [4+2] homodimerisation to give the spirochromans 4endo and 4exo as a 2:1 mixture of diastereoisomers, and we were able to confirm this result with our fresh batch of 16. The reaction could be accelerated by heating 16 to 80 °C, and the spirochroman products could be isolated in quantitative yield in a 2:1 ratio after 8 hours (Scheme 3).
Scheme 3
With the successful dimerization of 16 providing the benchmark, we next exposed the isomeric carene-derived enone 13 and (-)-pinocarvone 2 to the same reaction conditions (neat, 80 °C). We found that the reactivity of the enone 13 was similar to that of 7, and it underwent dimerisation to give a separable mixture of diastereoisomeric spirochromans 17endo and 17exo (5:1) in quantitative yield (Scheme 4). The diastereoisomers were both crystalline solids and X-rayl crystallographic analysis confirmed their structures and the stereochemical assignment (Scheme 4).
Scheme 4
In contrast to the enones 13 and 16, pinocarvone 2 did not produce any of the corresponding spirochroman dimerization product (i.e. aritasone 1) upon heating at 80 °C for 8 hours (Scheme 5a).
Both increases in reaction time (24 hours), and/or reaction temperature (up to 220 °C), failed to induce [4+2] cycloaddition, and only decomposition of starting material was observed. In addition to heating neat samples, we also attempted the hetero-Diels Alder reaction of 2 at reflux in a variety of solvents (toluene, benzene, dichloromethane, methanol, acetic acid), and with microwave heating (water, dichloromethane), but no reaction occurred. We next tried to catalyse the dimerisation of 9 (ZnCl2, BF3OEt2, pTSA, and proline), but in all cases the dimeric product 1 was not obtained.
Scheme 5
As pinocarvone 2 proved refractory to hetero-Diels-Alder dimerization, we began to wonder whether the initial biosynthetic hypothesis was correct. As mentioned earlier, the only report of a pinocarvone-derived spirochroman dimer (i.e. either aritasone or cedronellone) emerged during a study on the allylic oxidation of -pinene 18. 7 We wondered whether it was possible for the cycloaddition to occur between two pinene-derivatives at different oxidation levels (i.e. pinocarvone 2 and -pinene 18), with a post-cycloaddition oxidation providing the fully formed spirochroman product 1 (Scheme 5a). However, no cycloaddition products (20 or 21) were observed when pinocarvone 2 was treated with -pinene 18 or pinocarveol 19. In an attempt to achieve any type of [4+2] cycloaddition with pinocarvone 2, we expanded the range of dienophile and diene reaction partners (Scheme 5b) to include both electron rich and electron deficient versions of both. In all cases, no cycloaddition was observed with 2 acting either as a heterodiene or dienophile, and the starting materials were recovered unchanged. In the example where 13 was used, only 17endo and 17exo were produced, and no cross hetero-Diels-Alder cycloadducts were observed.
These results clearly show that the three isomeric enones 2, 13 and 16 behave very differently in hetero-Diels-Alder reactions, with pinocarvone 2 being resistant to [4+2] cycloaddition under standard conditions with a range of reaction partners. As aritasone 1, and its enantiomer (cedronellone) clearly exist as natural products, a route must exist for their formation. Although standard conditions did not facilitate the hetero-Diels-Alder dimerization, we postulated that the gem-dimethyl-substituted cyclobutane ring present in pinocarvone 2 was leading to steric hindrance in the [4+2] dimerization transition state. As a result, we decided to attempt the cycloaddition under ultra-high pressure [13] [14] [15] [16] [17] to overcome this issue. Thus, a dichloromethane solution of (-)pinocarvone (2) was subjected to 19 Kbar pressure at room temperature for 120 hours, after which time a new less polar compound (TLC analysis) had been produced (Scheme 6). Following chromatography, we were pleased to find that aritasone 1 had been formed (58%) as a crystalline solid. The NMR spectroscopic data for our synthetic material matched those previously reported, 7 and the structure was unambiguously confirmed by X-ray crystallography.
Scheme 6
Having successfully completed a synthesis of aritasone 1 via the hetero-Diels-Alder dimerization of pinocarvone 2, we were struck by the extreme conditions required to achieve this proposed biomimetic transformation (19 Kbar pressure) . It seems unlikely that these ultra-high pressures are accessible within a plant cell, and it seems sensible to consider alternative possibilities. Our work clearly shows that aritasone 1 (and by analogy cedronellone) are not simple artefacts of isolation that result from the spontaneous dimerization of pinocarvone 2, which is much more abundant in the plant. Therefore, it seems likely that there is another process operating for the biosynthesis of aritasone 1.
There has been much interest (and debate) regarding the existence (or not) of Diels-Alderase enzymes that are capable of catalysing cyclohexene formation in vivo, [18] [19] [20] and one possibility could be that there is a specific enzyme that catalyses the formation of aritasone 1 by lowering the activation barrier to cycloaddition. This obviously would also require an enzyme to catalyse the formation of cedronellone (the enantiomer of aritasone 1), but no evidence currently exists for the presence of such enzymes, although hetero-Diels Alderases have been the source of some speculation. 21 It is also possible that there is an alternative 'chemical' explanation for the formation of aritasone and cedronellone, and the previously-mentioned formation of cedronellone during the oxidation of -pinene might afford a clue as to the nature of this process. From a purely theoretical point of view, the conjugated enone of pinocarvone 2 is required to act as both the hetero-diene and also the dienophile in the [4+2] cycloaddition, but it is well established that the 'best' cycloadditions occur when the HOMO-LUMO energy gap is as low as possible. 22 In a dimerisation reaction, there is no possibility to affect this energy gap, other than by using catalysts, and we have already shown that a variety of common catalysts are ineffective in accelerating the reaction. An alternative approach, however, could involve the oxidation of the enone to form a transient radical cation, and this radical cation would have significantly altered HOMO and LUMO energies when compared to the neutral, unoxidised starting enone. The cycloaddition could then occur between a 8 radical cation and the enone, [23] [24] [25] with the product being reduced to aritasone at a later stage (Scheme 7).
Scheme 7
This radical cation formation could explain the formation of cedronellone during Kohlemainer's pinene oxidation study, 7, 26 and this oxidative acceleration of [4+2] cycloaddition has been used to facilitate the dimerization of cyclohexadiene. 27 This methodology has recently been deployed in the total synthesis of the natural product kingianin A, 28, 29 and could also have significance in the biosynthesis of dihypoestoxide 5.
Experimental (1S,6R)-7,7-dimethyl-4-methylenebicyclo[4.1.0]heptan-3-one 13
A solution of DMSO (0.380 mL, 5.32 mmol) in CH2Cl2 (3 mL) was added dropwise to a stirred and cooled solution of oxalyl chloride (0.230 mL, 2.66 mmol) in CH2Cl2 (5 mL) at −78 C. After 1.5 h a solution of allylic alcohol 12 12 (200 mg, 1.33 mmol) in CH2Cl2 (5 mL) was added. After a further 1.5 h, triethylamine (1.66 mL) was added and the mixture was left to stir for 2 h −78 C before the cooling bath was removed. Another 15 min of stirring allowed the mixture to warm to 0 C. TLC analysis showed full conversion of starting material into product. The reaction was quenched by saturated NaHCO3 (30 mL) and diluted with CH2Cl2 (20 mL). The aqueous phase was extracted with CH2Cl2 (3 × 20 mL), the combined organic phases were washed with water (2 × 50 mL) and 
